1. Introduction
===============

The worldwide demand for recombinant proteins is growing faster than traditional systems can keep pace. This includes valuable pharmaceutical proteins such as antibodies and vaccines as well as industrial enzymes and secondary metabolites. Traditional recombinant production systems such as bacterial and mammalian cell culture are limited in their scalability and production cost, due in part to requirement for complicated fermentation equipment and expensive downstream processing. Recombinant protein production in plants, on the other hand, offers a solution to the rising demand and provides opportunities that are not feasible with other systems.

Plants offer several advantages as "Green Bioreactors". First is the ability to perform eukaryotic post-translational modifications such as glycosylation and disulfide bridging that are often essential for biological activity of many mammalian proteins ([@bib53], [@bib35]). Green bioreactors do not suffer the same risk of pathogen contamination as seen in mammalian cell culture as there are no known cross-kingdom pathogens. Plant growth requirements are simple and inexpensive compared to traditional cell culture systems, allowing for inexpensive and nearly unlimited scalability. In cases where plant cell culture is used, it has much more simple growth requirements than mammalian or insect cell culture and is able to utilize light as its main energy source, further reducing costs. Additionally, plant systems are robust and inert, allowing for simplified handling/purification and the ability in the case of pharmaceutically relevant proteins to be administered orally with minimal processing. For the establishment of a green bioreactor, there are seemingly many plant species to choose from, each with its own advantages and disadvantages depending on the type of application desired.

Tobacco (*Nicotiana tabacum*) has been and will continue to be a major platform for green bioreactors. Despite a traditionally negative view due to its strong ties to smoking, tobacco offers several unique advantages over other plant species. Tobacco is often referred as the "white mouse" of the plant world, as it is amicable to genetic modification and has become the primary vehicle for proof-of-concept work in recombinant protein production for the last 20 years. Tobacco is a leafy plant, having high biomass yield (up to 100 t of leaf biomass per hectare) and high soluble protein levels compared with many other model and crop species, an attractive feature for a protein production platform. Tobacco also offers various ways of expressing proteins of interest, such as transient based expression via agrobacterium or viral induction and stable nuclear or chloroplastic genome based expression. The availability of low-nicotine low-alkaloid tobacco varieties such as cultivar "81V9" has made tobacco plants even suitable for direct oral delivery of recombinant antigens in plant material or crude protein extracts ([@bib60]). Tobacco is neither a food nor feed crop, thus reducing the likelihood of transgenic material contaminating the food or feed chains. These features have made tobacco particularly well suited for plant-based production of biopharmaceutical products. Indeed, the number of therapeutic proteins produced in transgenic tobacco plants is increasing steadily, with several tobacco-derived products having advanced to human clinical trials. The goal of this review is to discuss the application and potential of tobacco as a green bioreactor for recombinant therapeutic protein production.

2. Production of pharmaceutical proteins in tobacco
===================================================

Tobacco is proving to be an attractive bioreactor for the production of pharmaceutically relevant proteins. In addition to the economical advantages of tobacco bioreactors, it has the ability to produce a wide range of therapeutic proteins including antibodies, vaccines and immunomodulatory molecules such as cytokines. Moreover, by using transient protein expression, tobacco is able to generate significant quantities of protein in a short period of time that is necessary for rapid response to disease outbreaks, such as the recent influenza A/H1N1 pandemic, and for the patient-specific treatment of cancer.

2.1. Antibody production
------------------------

Antibodies represent the single largest class of new drug entities under development at this time. The generation of antibodies for pharmaceutical use requires the coordinated creation of both a heavy and light chain and the correct assembly into a single functional unit. Monoclonal antibodies are traditionally generated using hybridoma cell lines, which are obtained by fusion of an immortalized cancer cell with an antibody-producing splenic cell isolated from antigen-challenged host. This process is technically challenging and the growth requirements for maintaining hybridoma cells are expensive. Bacterial production is unfeasible due to its inability to glycosylate and assemble functional antibodies. Plants offer an inexpensive alternative that is able to produce authentic antibodies. Tobacco was the first host chosen to express a functional recombinant full-length monoclonal antibody (mAb), the anti-mouse catalytic IgG~1~(6D4), in plants ([@bib33]). It was shown that when individual tobacco plants expressing single heavy (γ) or light (к) chains of 6D4 were generated, simple sexually crossing of two parental transgenic tobacco lines resulted in progeny lines that express and accumulate a fully assembled and functional mouse antibody at high levels (1.3% of total soluble protein (TSP)). Since then, the expression of recombinant antibodies using tobacco as a platform has been extended to include monoclonal antibodies with more complex structures such as secretory IgA, single-chain antibodies and single-chain antibody fragments of different specificity.

Secretory IgA (sIgA) is a complex, multimeric protein composed of two IgA units (2 heavy and 2 light chains), a joining J chain, and a secretory component ([@bib39]), and is the antibody naturally produced by the body to protect oral and other mucosal surfaces against infectious organisms and toxins. It is generated by a unique cooperation between two distinct cell types: J chain-expressing plasma cells that produce polymeric (p)IgA (mainly dimers), and secretory epithelial cells that express the secretory component (SC) ([@bib39]). The recombinant production of SIgA in mammalian cells is difficult and expensive, requiring two independent and mixed cell lines and constant monitoring and cell rebalancing. However, tobacco greatly reduces the complexity for its recombinant production. The best example is the tobacco-based production of a humanized secretory murine IgA1 (Guy\'s 13 SIgA-G). The murine monoclonal antibody IgG1 (Guy\'s 13) which specifically recognizes the SAI/II protein of *Streptococcus mutans*, the main causative agent for dental caries, has been used successfully to prevent *S. mutans* colonization and the development of dental caries in non-human primates as well as in human clinical trials ([@bib44], [@bib49]). Therefore, Guy\'s 13 IgG antibody has the potential to treat and/or prevent dental caries. To produce recombinant Guy\'s 13 SIgA-G, transgenic tobacco plants were generated to express independently either the Guy\'s 13 kappa (light) chain, the hybrid IgA-G antibody heavy chain, murine J chain, or rabbit secretory component (SC). Through a series of sexual crosses between these plants, researchers produced transgenic tobacco plants expressing a functional, high molecular weight secretory murine immunoglobulin (Guy\'s 13 SIgA-G), with accumulation levels up to 500 µg per gram leaf material ([@bib50]). Human clinical trials showed that plant-derived SIgA/G antibody prevented oral colonisation by *S. mutans* ([@bib52]). Renamed CaroRx™, the tobacco-derived SIgA/G protein became the first plant-made antibody approved for human use in 2005 in the European Union.

Tobacco has also proven to be an efficient system for generating fragments of the antibody, including single-chain variable fragment (scFv), single-chain antibody variable domain (Fv) fragment and antibody-binding (Fab) fragment (see [Table 1](#tbl1){ref-type="table"} ). These small recombinant synthetic antibodies retain full antigen-binding activity but lack specific assembly requirements. They are being used in diagnosis and treatment ([@bib75]). Expression levels of scFv or its derivatives in tobacco leaves vary from 0.1% ([@bib23]) to as high as 6.8% ([@bib25]) of TSP. Moreover, by multiple sexual crossing of tobacco lines that is expressing individual non-overlapping scFvs, transgenic tobacco plants expressing more than one non-overlapping scFvs is being developed to provide optimal protective efficacy against multiple infections, such as against the Botulinum neurotoxin and anthrax simultaneously ([@bib1]). With the risk of such biological attacks, a source of inexpensive and rapidly produced yet effective antibodies is of the utmost importance.Table 1Examples of tobacco-made antibodies.Disease targetedAntibody expressedProgressReferenceAnthraxAnti-PA mAbAnimal pre-clinical trial([@bib37])BotulismAnti-BoNT/A scFvAnimal pre-clinical trial([@bib1])Cancer (B-cell lymphoma)Idiotype specifcHuman Phase I Clinical trial([@bib59])Cancer (breast and colon)Anti-Lewis Y mAbIn vitro([@bib11])Cancer (broad spectrum)H10 mAbIn vitro([@bib87])Cancer (colon)CO17-1A mAbAnimal pre-clinical trial([@bib41])Cancer (skin)TheraCIM®In vitro([@bib70])HepatitisB294, B303 mAbIn vitro([@bib28])HIV2F5 mAbIn vitro([@bib73])RabiesR12 mAbIn vitro([@bib27])*S. mutans* colonizationCaroRX™Approved for sale([@bib52])SalmonellaAnti-LPS scFvIn vitro([@bib55])

2.2. Vaccines
-------------

Vaccination is the administration of antigenic material (vaccine) to produce immunity to a disease. Vaccination is the most effective and cost-effective method of preventing infectious diseases. Traditionally, the vaccine administrated can either be live attenuated forms of pathogens such as bacteria or viruses, killed or inactivated forms of these pathogens. The development of subunit vaccines, based on the use of specific protein subunits of a bacterial pathogen or virus, will have less risk of adverse reactions than whole bacterial or virus vaccines. The use of recombinant DNA technology has simplified the production of subunit vaccines. Recombinant protein subunit vaccines are commonly produced in *E. coli*, yeast or mammalian cells cultures, but are limited by scale, product quality and production cost. Tobacco has emerged as a promising alternative expression system for production of recombinant subunit vaccines. To date, a large number of vaccine proteins have been produced in tobacco plants, ranging from vaccine candidates against foot and mouth disease, cholera, hepatitis B virus, severe acute respiratory syndrome (SARS) virus, human immunodeficiency virus (HIV) to vaccine candidates against various cancers (see [Table 2](#tbl2){ref-type="table"} ). Many of tobacco-derived vaccines have already proven to be effective in animal testing. For example, [@bib69]produced the SARS-CoV S1 protein in tobacco to prevent the spread of this highly contagious disease. They reported that mice primed with the tobacco made S1 protein developed an immune response by producing SARS-CoV-S1 specific IgG antibodies. Another example is from [@bib29]who report the production of a functional vaccinia virus B5 protein in tobacco as a potential vaccine. Mice immunized with tobacco-made B5 protein showed a strong anti-B5 immune response that was sufficient to protect the mice from lethal doses of small pox. Tobacco has also been used to produce vaccines for various veterinary applications. DOW AgroSciences received approval for the veterinary use of its Newcastle Disease vaccine for poultry, the first tobacco cell-derived vaccine approved by the United States Department of Agriculture ([@bib86]).Table 2Examples of tobacco-made vaccines.Disease targetedProtein expressedProgressReferenceAllergy --- dust mitesDer p 1In vitro([@bib48], [@bib12])Der p 2In vitro([@bib48])AntheraxProtective antigenAnimal pre-clinical trial([@bib42])Cancer (cervical)L1 major capsid proteinIn vitro([@bib45])CholeraCTBAnimal pre-clinical trial([@bib38])DPTMulti-epitope vaccineAnimal pre-clinical trial([@bib74])Epstein--Barr virusVCA antigenIn vitro([@bib43])Foot and mouth diseaseVP1Animal pre-clinical trial([@bib91])VP21Animal pre-clinical trial([@bib36])*Helicobacter pylori*HSP-AAnimal pre-clinical trial([@bib10])UreBIn vitro([@bib31])Hepatitis B/CHBsAg (Hep B)Animal pre-clinical trial([@bib79])Core protein (Hep C)In vitro([@bib64])HIVHIV p24 capsid proteinIn vitro([@bib92])HIV-NefIn vitro([@bib57])PlagueF1-VAnimal pre-clinical trial([@bib3], [@bib18])SARSSARS-CoV-S1 proteinAnimal pre-clinical trial([@bib69])TetanusTet-CAnimal pre-clinical trial([@bib84])Type 1 diabetesGAD65Animal pre-clinical trial([@bib54])GAD67Animal pre-clinical trial([@bib51])HSP-60In vitro([@bib85])InsulinAnimal pre-clinical trial([@bib47], [@bib72])Type 2 diabetesGLP-1In vitro([@bib9])

The increased focus on tobacco products in recent years has led to their clinical evaluation. In a recent phase I clinical trial carried out, patients suffering from non-Hodgkin\'s lymphoma were given tobacco-derived personalized (patient-specific) idiotype single-chain antibodies (ScFv) as a vaccine ([@bib59]). These idiotypic single-chain ScFv antibodies were derived from each patient\'s tumor, hence allowing the immunization of patients with their own individual therapeutic antigen. The transient tobacco-viral expression system was used for rapid production of the needed amount of idiotype vaccine. The human trial results demonstrate that tobacco-derived idiotype vaccine is safe to administer, and stimulate idiotype-specific antibody and cellular immune responses.

2.3. Cytokines
--------------

Cytokines are small proteins or glycoproteins that are produced by a variety of cell types. They are strong immunoregulators that modulate the intensity and duration of the immune response by stimulating or inhibiting the activation, proliferation, and/or differentiation of various cells and by regulating their secretion of Abs or other cytokines ([@bib67]). Cytokines exert their effects through binding to cytokine receptors expressed on the membrane of responsive target cells ([@bib81]). Recombinant cytokines have been widely tested as therapeutic agents for the treatment of infectious and autoimmune diseases and cancers ([@bib46], [@bib65], [@bib66], [@bib89]). Although many recombinant cytokines are commercially available, they are too expensive to use therapeutically. Furthermore, there is a lack of glycosylation on most commercially available recombinant cytokines as most are *E. coli*-derived. Glycosylation is important for protein folding, stability and function. In recent years, transgenic tobacco has been exploited as a new source of inexpensive recombinant cytokines. The functional expression of Human GM-CSF, human and murine IL-4, human, murine and viral IL-10, human IL-12, human IL-18 in tobacco plants or tobacco cell cultures have been reported ([Table 3](#tbl3){ref-type="table"} ).Table 3Examples of tobacco-made cytokines.CytokineApplicationsProgressReferenceGM-CSFNeutropenia, aplastic anemiaIn vitro([@bib40])IL-4Cancer/chronic inflammation/autoimmune diseaseIn vitro([@bib54])IL-10Chronic inflammationIn vitro([@bib61])IL-12Cancer/disease protectionIn vitro([@bib32])IL-13Cancer/chronic inflammation/autoimmune diseaseIn vitro([@bib88])IL-18Cancer/chronic inflammation/autoimmune diseaseIn vitro([@bib93])

Human IL-13 is an example of a pleiotropic regulatory cytokine with the potential for treating several human diseases including Type-1 diabetes mellitus (T1DM). Thus far, conventional expression systems for recombinant human IL-13 production have proven difficult and are limited by efficiency. For example, low accumulation levels were achieved when mutant forms of hIL-13 bearing amino acid substitutions were expressed in *E. coli* ([@bib80]). The accumulation level of hIL-13 in *E. coli* could be improved by co-expressing hIL-13 as a fusion with maltose binding protein containing an engineered tobacco etch virus recognition site at its C-terminus but TEV cleavage proved inefficient and required further processing to purify ([@bib20]). Moreover, because the *E. coli*-derived unglycosylated rhIL-13 is misfolded and packs into inclusion bodies, additional solubilization and renaturation steps are required before a biologically active rhIL-13 can be produced ([@bib80]). All of these make the use of *E. coli* for large-scale production of rhIL-13 at low cost unrealistic. The production of rhIL-13 in murine NS-O cells is also inefficient, as NS-O cell-derived rhIL-13 exists in both monomeric and trimeric forms ([@bib13]). As the latter form has no biological activity, it must be separated from the biologically active monomeric form of rhIL-13 through a multi-step process, lowering production efficiency and raising costs. We have therefore tested low-nicotine low-alkaloid tobacco (cultivar '81V9') as a new expression host for recombinant human IL-13 production ([@bib88]). We demonstrated that human IL-13 protein was efficiently accumulated in transgenic tobacco plants and present in multiple molecular forms, with an expression level as high as 0.15% of TSP in leaves. The multiple forms of tobacco-derived recombinant hIL-13 (rhIL-13) are due to differential N-linked glycosylation as revealed by enzymatic/chemical deglycosylation and not due to disulfide-linked oligomerization. In vitro trypsin digestion indicated that plant rhIL-13 is more resistant to proteolysis than unglycosylated control rhIL-13. The stability of plant rhIL-13 to digestion was further supported with simulated gastric and intestinal fluid digestion. In vitro bioassays using a factor-dependent human erythroleukemic cell line (TF-1 cells), showed that plant rhIL-13 retained the biological functions of the authentic hIL-13 protein. These results suggest that transgenic plants are superior over conventional cell-based expression systems for the production of rhIL-13.

3. Oral tolerance induction using tobacco expressing autoantigens
=================================================================

Oral administration of protein antigens can result in diminished peripheral immune responses to a subsequent systemic challenge with the same antigen in a process known as oral tolerance ([@bib90]). It is now well established that oral tolerance is a important natural physiological property of the immune system, whereby the host can avoid dangerous reactions such as DTH (delayed-type hypersensitivity) to "non-dangerous" antigens and other substances encountered in our daily diets ([@bib63]). Oral tolerance has been viewed as a potential therapeutic strategy for preventing and treating autoimmune diseases such as T1DM when specific disease-inducing self antigens (autoantigens) such as glutamic acid decarboxylase (GAD) are identified. With greater patient acceptance of oral rather than systemic therapies (e.g., by injection) and antigen specific effects without toxic effects of general immunosuppression, oral tolerance remains an attractive strategy that merits further clinical testing. Oral tolerance has been shown to suppress several autoimmune diseases in animal models, including experimental allergic encephalomyelitis (EAE), uveitis, thyroiditis, myasthenia, arthritis and T1DM in the non-obese diabetic (NOD) mouse, as well as other inflammatory conditions such as allergy and transplantation ([@bib22]). Oral tolerance induction has been further tested in human autoimmune diseases, including multiple sclerosis (MS), rheumatoid arthritis (RA), uveitis and T1DM. The results of human trials suggest that there is no systemic toxicity or exacerbation of disease ([@bib22]). As induction of oral tolerance requires repeated administration of large doses of antigen, however, clinical application of oral tolerance strategies may be restricted by the potentially huge cost of producing autoantigens. A new expression platform that provides large amounts of functional protein at extremely low cost is highly desired to make oral tolerance a more efficient and affordable therapeutic regimen. Transgenic plant expression systems have the potential to produce not only large amounts of protein economically, but also to be used as a vehicle for direct oral delivery of minimally processed peptides or proteins to induce oral tolerance.

Our group has been exploring transgenic tobacco plant as a primary vehicle for expression and direct oral delivery of T1DM-associated autoantigens such as GAD intended for inducing oral tolerance to prevent autoimmune diabetes. There are two isomers of GAD, GAD65 and 67, in rodents and humans, both of which are implicated in T1DM ([@bib58]). Rat and human islets express GAD65 predominantly, whereas mouse islets majorly express GAD67 ([@bib21]). [@bib21] showed that systemic injection of GAD67 to young NOD mice specifically prevented the onset of diabetes. To provide initial proof of concept for the use of transgenic plants to induce oral immune tolerance, we therefore produced transgenic tobacco plants expressing mouse GAD67 to facilitate the design of animal experiments for testing plant-derived GAD ([@bib51]). We showed for the first time that feeding GAD67 tobacco plants to young pre-diabetic female NOD prevented the development of diabetes.

As adjuvants facilitate tolerance induction and reduce doses of co-administered autoantigens, we were interested in finding effective mucosal adjuvants suitable for long-term administration for oral tolerance induction using transgenic plant-based systems. As one of the proposed mechanisms of oral tolerance is associated with an immune deviation, causing a shift in immune response from pro-inflammatory Th1 to anti-inflammatory Th2 response, Th2 cytokines such as IL-4 have been examined for possible enhancement of oral tolerance due to their known roles in differentiating precursor Th0 cells to Th2 lineages ([@bib62]). To test whether Th2 cytokine could be used to enhance oral immune tolerance to co-administered β-cell autoantigen, we generated transgenic tobacco plants expressing mouse IL-4 (mIL-4) and human GAD65 (hGAD65) ([@bib54]). Tobacco-derived mIL-4 was found to retain its biological activity. Importantly, while feeding NOD mice with mIL-4 or hGAD65 tobacco alone had no effect on diabetes protection, combined feeding of mIL-4 and hGAD65 tobacco plants protected NOD mice from developing diabetes. Recently, [@bib72] reported the production of chloroplast-transformed lettuce and tobacco plants that express an adjuvanted antigen consisting of cholera toxin B subunit (CTB) and proinsulin, and demonstrated that oral feeding of transgenic plant tissues resulted in a reduction in the degree of insulitis in NOD mice.

4. Tobacco expression systems
=============================

One of the most advantageous aspects of recombinant protein production in tobacco is the variety of expression strategies available, each with its own strengths. Stable nuclear transformation is able to meet long-term demands for authentic glycoproteins such as antibodies. Alternatively, chloroplast-based expression can provide large quantities of proteins that require minimal post-translational processing. When a product is required for rapid turnaround, as in the aforementioned production of an idiotype anti-cancer vaccine, transient expression would be expected to provide useful amounts of a desired protein in a very short period of time. Tobacco offers the flexibility to meet many different demands at once and has the potential to excel at each of them.

4.1. Nuclear expression
-----------------------

The tobacco nuclear genome is readily transformed via agrobacterium infection or biolistic delivery. Stable integration into the nuclear genome allows for continual recombinant protein production with little to no external input, simultaneously simplifying production and reducing costs. Nuclear expressed proteins undergo typical eukaryotic post-translational modifications and can be stored in a variety of organelles or secreted, depending on the fused signalling peptides. A major concern of nuclear based expression, however, is the relatively low-level accumulation of recombinant proteins. There exist a number of options that can address this issue, among them the use of strong constitutive/tissue specific promoters, 5′ enhancer sequences to increase translational efficiency, 3′ untranslated region modifications to increase transcript stability or optimizing the coding sequence of the transgene to use typical tobacco codons ([@bib78]). Another common strategy is the use of a sub-cellular localization signal, allowing for the sorting of recombinant protein to specific sub-cellular locations in order to limit proteolytic degradation and hence increase accumulation ([@bib8]). The most commonly targeted organelle for increased accumulation is the endoplasmic reticulum (ER) via the attachment of a C-terminal (K/H)DEL signal ([@bib19]). Following secretion to the golgi apparatus, proteins are returned to the ER where the low levels of proteolytic activity and a furtherance of complex molecular folding can result in higher levels of accumulation for many proteins. More recently, researchers have been exploring the localization of recombinant proteins into protein bodies. Protein bodies are typically formed by storage proteins found in seeds and stable, inert compartments produced as buds from the endoplasmic reticulum that are highly resistant to proteolytic degredation ([@bib82], [@bib83]). By adding a protein body forming signal peptide, referred to as a zein, a desired recombinant protein can be expressed and retained in these protein bodies, allowing for potentially higher levels of accumulation, with one study showing between 10- to 100-fold increased accumulation of the fused recombinant protein ([@bib82], [@bib83]).

Another method to increase recombinant protein accumulation is to add fusion partners that can increase protein stability/proteolysis resistance. The elastin-like polypeptide (ELP) is one such example. ELP is composed of pentapeptide repeats (VPGXG) that upon the addition of heat and/or salt undergoes a reversible change of conformation that results in the formation of an immiscible layer in water that allows for simplified downstream purification and have been reported to increase accumulation levels of fused proteins in tobacco ([@bib68], [@bib26]). Indeed, when used in a transient expression system, fusion with ELP led to nearly twice the level of GFP accumulation in the ER due to the ability of ELP to induce the formation of protein bodies ([@bib15]). Fusion partners that increase stability and enhance immunogenicity are effective in tobacco when a small, unstable antigenic peptide is desired, the most common being the non-toxic subunit of cholera toxin B (CTB) ([@bib2]). CTB enhances the stability of fused antigens through the formation of a proteolytic-resistant pentameric structure. It also serves as an effective adjuvant that can enhance the immunogenicity of fused protein during oral delivery, as its pentameric structure efficiently binds to GM-1 gangliosides that are involved in antigen display ([@bib34]). This has allowed for the production of unstable peptide antigens that were previously unattainable in tobacco due to their small size including the B-chain of insulin and the p277 fragment of HSP60 ([@bib16], [@bib17], [@bib47], [@bib85]).

Another concern of tobacco (plant in general) bioreactors is in the generation of therapeutic glycoproteins. While tobacco is able to create complex glycoproteins, they contain plant-specific glycans. The main complication is the addition of both α1,3-fucose and β1,2-xylose residues, both of which are known IgE binding carbohydrate factors in plant allergens. In some instances this is adventitious, especially where the antibodies are intended to function as antigens. In some cases it is detrimental, however, and results in either a glycoprotein that is ineffectual or harmful to the host as seen in the case of a monoclonal murine antibody that lacked immunogenicity due to its non-authentic glycosylation ([@bib14]). A number of approaches have been developed to produce more authentic glycoproteins. For example, several groups have achieved successful knock-down in plant transferase activity via RNA-interference (RNAi), resulting in a shift in protein glycosylation away from plant-type glycans to the production of simple glycans that lack IgE activity ([@bib76], [@bib77]). Another approach involves the expression of a human β1,4-galactosyltransferase I that was able to generate a monoclonal antibody that was nearly identical to the standard made in hamster CHO cells ([@bib5]). By fusing the human galactosyltransferase with a plant N-terminal domain, they were able to sequester the transferase to the early golgi apparatus, resulting in human N-glycans being added before tobacco N-glycans are typically added. For tobacco cell culture, there is another method to influence glycoprotein composition by altering the make-up of the growth media. By using a media rich in glucosamine, researchers were able to increase the ratio of simple to complex glycans from 6% to 66% in tobacco NT-1 cells ([@bib7]).

4.2. Chloroplastic expression
-----------------------------

Tobacco chloroplast offers an alternative stable expression system to nuclear transformation that has been shown to accumulate significant levels of recombinant protein. For example, [@bib72] reported that a chloroplastic expressed CTB-insulin fusion had a 160-fold increase in accumulation over a similar construct that was nuclear expressed ([@bib72]). Chloroplast transformation has been further refined and developed into a highly efficient recombinant protein expression system since the first biolistic delivery of recombinant DNA into chloroplasts in the late 1980s ([@bib56]). Incorporation into the chloroplast genome occurs through homologous recombination and is typically targeted to the inverted repeat region, reducing the extensive screening required for genomic transformation due to positional effects. While the level of accumulation appears to vary depending on the expression cassette used and the type of protein being expressed, it is not uncommon to see levels of expression range from 5 to 20% TSP, an astounding amount given that current nuclear transformation techniques have typical expression range of 0.001 to ∼ 1% TSP ([@bib16], [@bib17], [@bib30]). More recently, [@bib6] performed a detailed analysis of recombinant protein production in chloroplasts in order to determine why plants remain metabolically healthy despite the alteration in resources caused by massive protein accumulation. They found that Rubisco, the major protein in plants, acts as a protein sink and exists naturally in quantities greater than metabolically required. Recombinant protein production replaces Rubisco as the protein sink, leading to lower Rubisco levels with rising recombinant protein accumulation, allowing for a measure of natural capacity for recombinant protein production in plants without affecting growth and development. A second advantage of expressing and accumulating proteins in tobacco chloroplasts is in transgene containment. In plants, pollen donates its DNA to the egg cell, similar to embryo fertilization in humans. As with humans, organelles such as chloroplasts and mitochondria of the offspring are solely maternal in origin. Therefore, genes expressed in chloroplasts, and by extension other plastids, are highly unlikely to be transmitted through pollen. This has been supported by recent work that demonstrated that following fertilization with pollen containing chloroplast expressed resistance marker, only 6 seedlings from a population of over 2 million progeny showed paternal transmission ([@bib71]). Therefore, when combined with male sterile lines and traditional leaf specific expression and harvest, chloroplast expression virtually guarantees transgene containment in tobacco. A limitation of chloroplast recombinant protein production is that like bacteria they are unable to perform glycosylation, a necessity for many pharmaceutical glycoproteins including monoclonal antibodies. It is important to note, however, that the basic building blocks, the glycans themselves, are present within the chloroplast ([@bib24]). Thus it may be possible to generate glycoproteins in chloroplasts with the addition of multiple steps of the glycan addition/modification pathway, although this has yet to be described in literature.

4.3. Transient expression
-------------------------

Transient expression in tobacco allows for the rapid production of a required protein. In as little as 5 days post infection, significant quantities of recombinant protein can be generated and harvested, allowing for rapid turnaround and analysis that is unachievable via stable genomic integration. Many of the advancements in sub-cellular localization and fusions described above for nuclear transformation also hold true for transient expression. Most of the current transient expression systems used in tobacco for pharmaceutical production use viral coding sequences delivered by *Agrobacterium tumicfaciens* as it provides high level expression with minimal input. In order to maximize the efficiency of transient expression, various strategies are emerging that hold the potential to drastically increase yield. One promising technology is "Magnifection" that is designed to minimize the amount of wasted energy used if creating viral particles by using agrobacterium to deliver a deconstructed virus directly to the cells ([@bib28]). This method involves the delivery of individual components of the viral expression platform by mixing different agrobacterium lines harbouring fractions of the viral machinery, with recombination occurring intracellularly once infection occurs. By further altering the codon usage of the virus and the inclusion of typical eukaryotic introns, they were able to drastically increase the efficiency of delivery, resulting in a reduction in the amount of required infectious agrobacterium (i.e., 1 l of an overnight culture could be used to infect nearly 1000 kg of tobacco leaf tissue, yielding up to 4 kg of recombinant protein at 40% TSP; [@bib94]). This exemplifies the measure of approaches that are currently being explored to maximize protein yield while minimizing input costs, resulting in an estimated \$1/kg of raw protein or \$50/kg purified. An additional option is to insert the viral machinery required to inhibit tobacco silencing via stable nuclear transformation first, further minimizing the delivery requirements of the deconstructed viral vectors themselves ([@bib4]). There are two major drawbacks for transient expression, however. First are the technical requirements for induction, as it requires mechanical delivery of the agrobacterium to the plant. A second drawback is due to the high risk of unintended spread of the infection to wild species, which necessitates this work must be confined to laboratories and greenhouse conditions, although this is less of a concern as it eliminates the risks of cross-fertilization normally associated with open-field grown transgenic plants in general.

5. Current and future regulation
================================

Plants are poised to become a new route for a major source of inexpensive pharmaceuticals. Plant-derived pharmaceuticals will need to meet the same safety and efficacy standards as those products obtained from non-plant sources. Many countries have, or are in the process of creating, established guidelines and regulatory policies on plant-derived therapeutics. In the U.S., plant-made pharmaceutical research, development, testing and production is reviewed and regulated by the U.S. Department of Agriculture (USDA) and the Food and Drug administration (FDA). USDA and FDA regulations regarding development, testing, production, transportation and commercialization of plant-made pharmaceuticals are expected to adapt as the technology advances. Currently, a USDA field permit is required to plant crops that produce plant-made pharmaceuticals, with permits granted on a case-by-case basis. In Canada, experimental field testing of biopharmaceutical crops is also subjected to government regulation, requiring a pre-approved permit. It is anticipated that government approval and regulation of plant-made pharmaceuticals may be as strict as traditional ethical pharmaceuticals.

6. Conclusion
=============

Plants are proving to be effective and efficient bioreactors for the production of pharmaceutically valuable recombinant proteins. There are a variety of plant species that are being explored to serve as green bioreactors, each with its own advantages and disadvantages. Tobacco offers a unique blend of biomass accumulation, ease of manipulation, protection against food-chain contamination and bio-containment that is not readily found in other plant species. With further technological development and an expansion in the range of products, the future for this oft-maligned plant has the chance to become a positive force to improve the quality of life for all.
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